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Axion dark matter differentiates the phase velocities of the circular-polarized photons. In this
Letter, a scheme to measure the phase difference by using a linear optical cavity is proposed.
If the scheme is applied to the Fabry-Pe´rot arm of Advanced LIGO-like (Cosmic-Explorer-like)
gravitational wave detector, the potential sensitivity to the axion-photon coupling constant, gaγ ,
reaches gaγ ' 8× 10−13 GeV−1 (4× 10−14 GeV−1) at the axion mass m ' 3× 10−13 eV (2× 10−15
eV) and remains at around this sensitivity for 3 orders of magnitude in mass. Furthermore, its
sensitivity has a sharp peak reaching gaγ ' 10−14 GeV−1 (8×10−17 GeV−1) at m = 1.563×10−10 eV
(1.563× 10−11 eV). This sensitivity can be achieved without loosing any sensitivity to gravitational
waves.
INTRODUCTION
Axion is a pseudo-scalar field that is originally pro-
posed in the late 1970s to solve the strong CP problem
in QCD physics, known as “QCD axion” [1]. In recent
decades, it has been found that high energy physics such
as string theory also predicts a number of axion-like par-
ticles from the compactification of extra dimensions [2].
Hereafter we collectively call them “axion”. Axion typ-
ically has a small mass m  eV and behaves like non-
relativistic fluid in the present universe due to its oscilla-
tory behavior. For this reason, axion is a cosmologically
well-motivated candidate of dark matter. Another im-
portant feature of axion is its coupling to gauge bosons.
In particular, a small but finite coupling between axion
and photon is a general prediction of high energy physics
and it provides a good chance to detect axion by using
the well-developed photonics technology.
The conventional way to probe axion is to look for
a phenomena that axion and photon are converted each
other under the background magnetic field, known as the
axion-photon conversion [3]. Many experiments and as-
tronomical observations have been performed to probe
axion via the axion-photon conversion [4–22] , while no
signal has been found (for recent reviews, see [23]). Re-
cently, however, a new experimental approach to search
for axion dark matter was proposed which does not need
a strong magnetic field but uses optical cavity [24–27].
This new method aims to measure the difference of phase
velocity between two circular-polarized photons which is
caused by the coupling to axion dark matter [28, 29]. The
experimental sensitivity is only limited by quantum noise
in principle and it can probe tiny axion-photon coupling
gaγ . 10−11 GeV−1 with axion mass range m . 10−10 eV
which is competitive with other experimental proposals.
Moreover, this new method can be highly advantageous
compared with the conventional axion detectors, since it
does not require superconducting magnets which often
drive large cost. Therefore, we expect that this method
opens a new window to the axion dark matter research.
Inspired by these proposals using optical cavity, in
this Letter we propose a new scheme to search for axion
dark matter by using a linear Fabry-Pe´rot cavity. Lin-
ear optical cavities are used in the current and future
gravitational wave detectors, such as Advanced LIGO
(aLIGO) [30], Advanced Virgo [31], KAGRA [32], Ein-
stein Telescope [33], Cosmic Explorer (CE) [34], and DE-
CIGO [35]. In this work, we explore the capabilities of
these laser interferometers to search for axion-like dark
matter. Remarkably, our new method enables the in-
terferometers to probe axion-like dark matter during the
gravitational wave observation run without loosing any
sensitivity to gravitational waves. It implies that we can
exploit the cutting-edge laser facilities for axion-like dark
matter search even without constructing dedicated one
from scratch. We estimate the potential sensitivity to
the axion-photon coupling with the parameter sets of
gravitational wave observatories. Their sensitivities can
overcome the current upper limit with broad axion mass
range and put better bounds than the proposed axion ex-
periments by several orders of magnitudes. Note that al-
though the gravitational wave detectors are discussed, we
do not propose to measure gravitational waves. Our tar-
get is the phase velocity difference in circular-polarized
photons and laser interferometer is suitable for its de-
tection. Thus, our proposal is complementary to the
previous study of the gravitational waves sourced by ax-
ion [36].
This Letter is organized as follows. In the next sec-
tion, we shortly derive the difference in the phase veloc-
ity of polarized photons in the presence of axion dark
matter. Then we present the scheme to detect it as po-
larization modulation of a linearly polarized light using
the Fabry-Pe´rot cavity enhancing the modulation. Next
we describe the prospected sensitivity curves of axion-
photon coupling with each gravitational wave interferom-
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2eter. Finally, we give a short discussion and conclude our
result. In this Letter, we set the natural unit ~ = c = 1.
PHASE VELOCITY MODULATION
In this section, we briefly explain how the dispersion
relations of two circular-polarized photons are modified
in the presence of background axion field. The axion-
photon coupling is written as Chern-Simons interaction
gaγ
4
a(t)Fµν F˜
µν = gaγ a˙(t)ijkAi∂jAk+(total derivative),
(1)
where the dot denotes the time derivative, gaγ is a cou-
pling constant, a(t) is the axion field value, and Aµ is
the vector potential of the electromagnetic field strength
Fµν ≡ ∂µAν − ∂νAµ. Its Hodge dual is defined as
F˜µν ≡ µνρσFρσ/2, where µνρσ is the Levi-Civita anti-
symmetric tensor. Regarding the gauge condition, we
choose the temporal gauge A0 = 0 and the Coulomb
gauge ∂iAi = 0. Ai can be decomposed into two circular
polarization modes in the Fourier space
Ai(t,x) =
∑
λ=L,R
∫
d3k
(2pi)3
Aλ(t,k) e
λ
i (kˆ) e
ik·x , (2)
where k is the wave number vector, the circular polar-
ization vectors satisfy eλi (kˆ) = e
λ∗
i (−kˆ), eλi (kˆ)eλ
′∗
i (kˆ) =
δλλ
′
and iijmkje
L/R
m (kˆ) = ±keL/Ri (kˆ) (k ≡ |k|). Here
the index of L (R) corresponds to the upper (lower) sign
of the double sign. Hereafter, we use the same nota-
tion in this Letter. Then the equation of motion for
AL/R(t,k), A¨L/R + ω
2
L/RAL/R = 0, acquires the modi-
fied dispersion relation due to the axion-photon coupling
Eq. (1), ω2L/R = k
2 (1∓ gaγ a˙/k). This leads to the dif-
ferent phase velocities for the left and right polarization
modes
c2L/R = 1∓
gaγ a˙
k
. (3)
Note that the momentum effect of axion dark matter
here is irrelevant since it is non-relativistic. Ignoring the
cosmic expansion, the present axion dark matter is given
by the periodic function
a(t) = a0 cos(mt+ δτ (t)) (4)
with the frequency of axion mass f = m/(2pi) '
2.4 Hz (m/10−14 eV). The phase factor δτ (t) can be
regarded as a constant value within the coherent time
scale of axion dark matter, τ , expressed as τ = 2pi/(mv2a),
where va is axion dark matter velocity. Since the local
velocity of dark matter is about 10−3, τ is estimated as
τ ∼ 1
(
10−16 eV
m
)
year. (5)
Plugging Eq. (4) into (3), we obtain
cL/R(t) ' 1± δc(t) ≡ 1± δc0 sin(mt+ δτ (t)), (6)
where δc0 = gaγa0m/(2k) is the maximum difference of
the phase velocity, c0 is the speed of light without back-
ground axion, and δc0  1 is used. δc0 is estimated as
δc0 ' 1.3× 10−24
(
λ
1550 nm
)(
gaγ
10−12 GeV−1
)
. (7)
Here we assumed the laser light with a wavelength λ =
2pi/k and used the present energy density value of axion
dark matter around earth, ρa = a
2
0m
2/2 ' 0.3 GeV/cm3,
which removes the dependence of δc0 on a0m.
The key point is that according to the equation (6)
one linearly polarized light (e.g. horizontal polarization,
that is p-polarization) is polarization-modulated due to
axion dark matter and the orthogonally polarized light
(e.g. vertical polarization, that is s-polarization) is pro-
duced as shown later. Note that the linearly polarized
light can be expressed by a superposition of two circu-
larly polarized lights. From the next section, we show
that this polarization-modulation can be measured with
linear cavities of gravitational wave experiments by using
our proposed method.
AXION SEARCH WITH A LINEAR OPTICAL
CAVITY
In this section, we present how to detect the modula-
tion of speed of light with linear optical cavities. The
schematic setup of our proposed scheme is shown in fig-
ure 1. First, as a carrier wave, we input linearly-polarized
monochromatic laser light with the angular frequency
which corresponds to the wave number k. Here, we con-
sider p-polarized light as input light without loosing gen-
erality. The cavity consists of the input and output mir-
rors whose amplitude reflectivities and transmissivities
are represented by (r1, t1) and (r2, t2). In this letter, we
only consider axion mass range where τ is longer than
the cavity storage time, 4piL
√
r1r2/(1−r1r2) [37]. In this
condition, the axion can be treated as a coherent oscilla-
tor during the time when photon is interacting with the
axion in the cavity. When the cavity is kept to resonate
with a phase measurement, such as Pound-Drever-Hall
technique [38], the beam is accumulated inside cavity and
the signal, δc, is enhanced as explained later. Then the
signal is detected in detection port (a) or (b) as polariza-
tion modulation with polarizing optics. In detection port
(a), the polarization of transmitted light from the cavity
is slightly rotated by the half wave plate. Then, the pho-
todetector (PDtrans) receives s-polarized light generated
by axion-photon coupling as a beatnote with faint (but
much stronger than the signal) carrier wave, while most
of the carrier light is transmitted by the polarizing beam
3splitter (PBS). In detection port (b), the PD (PDrefl) re-
ceives signal reflected by the faraday isolator (FI) as a
beatnote with faint carrier wave again. In this case, the
carrier wave is generated by non-ideal birefringence be-
tween the cavity and FI, such as input mirror substrate.
These two detection ports can be added without modify-
ing the instrument for the phase measurement.
Laser
PBS BDHWP
FI
PDrefl PDtrans
Cavity
r1, t1 r2, t2
p-pol.
Detection port (b) Detection port (a)
Ecav
PBS
p-pol. s-pol.
FIG. 1: Schematic of experimental setup for axion search with
a linear optical cavity. FI, Faraday isolator; HWP, half wave
plate; PBS, polarizing beam splitter; PD, photodetector; BD,
beam dump. Signal is detected in detection port (a) and
(b). Components for phase measurement are not shown. The
polarization of incident light is arbitrary if only it is linear
polarization. Two PBSs in FI are placed rotated by 45 degrees
along the optical path.
The signal, δc, is enhanced inside the cavity by the fol-
lowing mechanism. Here, we treat δτ (t) as constant since
we only consider the axion mass range where the axion
oscillation coherent time is sufficiently longer than the
storage time of the optical cavity. The input p-polarized
light is written as
Ein(t) = E
p(t) = E0e
ikt
(
eL eR
) 1√
2
(
1
1
)
, (8)
where Ep(t) is the electric vector of p-polarized light, eL
and eR are basis vectors of left-handed and right-handed
laser light, respectively. In the presence of background
axion field, the electric vector propagation in the cavity
in front of the front mirror is expressed as
Ecav(t) = t1E0e
ikt
(
eL eR
) ∞∑
n=1
An(t)
1√
2
(
1
1
)
, (9)
An+1(t) ≡An(t)R1T (t− 2L(n− 1))
×R2T (t− 2L(n− 1/2)) (n ≥ 1)
A1 = 1
,
(10)
where L is cavity length, T (t) is transfer matrix for one-
way translation,
T (t) ≡
(
e−iφ
L(t) 0
0 e−iφ
R(t)
)
, (11)
φL/R(t) ≡ kL∓ k
∫ t
t−L
δc(t′)dt′, (12)
and Ri is reflection matrix for circularly-polarized lights,
Ri ≡
(
0 −ri
−ri 0
)
(i = 1, 2). (13)
Sign flipping in eq. (13) is the main difference from the
modeling in [25–27]. Here An(t) (n ≥ 2) is given by,
An(t) = (r1r2)
n−1
(
A11n (t) 0
0 A22n (t)
)
(14)
with
A11/22n ≡ exp
[
− ik
{
2L(n− 1)
±
n−1∑
j=1
(∫ t−2L(j−1)
t−2L(j−1/2)
−
∫ t−2L(j−1/2)
t−2Lj
)
δc(t′)dt′
}]
,
(15)
where the 11 and 22 component of An corresponds to
the upper and lower sign of the flipped sign, respectively.
When resonance condition of the linear cavity, 2kL =
2pil (l ∈ N), is met, A11n and A22n is also denoted as
A11/22n = exp
[
∓ ik
∫ ∞
−∞
δ˜c(m)
1
m
tan
(
mL
2
)
×
(
1− ei2mL(n−1)
)
eimt
dm
2pi
]
, (16)
where we transformed δc(t) in Fourier space, δc(t) =∫∞
−∞ δ˜c(m)e
imt dm
2pi . Consequently, the electronic field in
the cavity is written as,
Ecav(t) =
t1E0e
ikt
1− r1r2
(
eL eR
)
×
(
1 + iδφ(t) 0
0 1− iδφ(t)
)
1√
2
(
1
1
)
(17)
=
t1
1− r1r2 [E
p(t)− δφ(t)Es(t)] , (18)
where Es are electric vectors of s-polarized light,
δφ(t) ≡
∫ ∞
−∞
δ˜c(m)Ha(m)e
imt dm
2pi
, (19)
and Ha(m) is a response function of cavity,
Ha(m) ≡ i k
m
4r1r2 sin
2
(
mL
2
)
1− r1r2e−i2mL
(−e−imL) . (20)
Equation (20) indicates that the signal is enhanced in
proportion to r1r2/(1 − r1r2) at m = pi/L, which cor-
responds to the free spectral range, i.e. the frequency
separation of the longitudinal mode of the cavity [37].
The peak sensitivity can be enhanced by increasing the
mirror reflectivity although finesse, pi
√
r1r2/(1 − r1r2),
is limited to be lower than 106 due to the dispersion
of the dark matter [39]. In addition, Ha(m) ∝ 1/m at
4mL = pi(2N − 1) (N ∈ N) since the axion effect on the
photons in the cavity is cancelled out except for the last
half of the axion oscillation when the axion oscillation pe-
riod is shorter than the photon storage time of the cavity
[37]. In low mass range (mL 1), Ha(m) ∝ m since the
axion effect is cancelled on going and returning way due
to eq. (13).
SENSITIVITY TO THE AXION-PHOTON
COUPLING
In this section, we estimate the potential sensitivity of
the linear cavity to axion-photon coupling. Here, only
shot noise which is caused by vacuum fluctuation of elec-
tric field, Evac(t), is considered in a similar way to shot-
noise estimation of gravitational wave detectors [40]. In
each detection port, the electric field received by pho-
todetector is expressed as
EPD(t) =
[√Tj (α− δφ(t)) + Evac(t)
E0
]
Es(t) (j = 1, 2),
(21)√Tj ≡ t1tj
1− r1r2 , (22)
where α (|α|  1) is the polarization mixing angle intro-
duced by the half wave plate (instrumental birefringence)
and j = 2 (1) for the detection port (a) ((b)). Here, we
neglect the second and higher order of |α|. Note that |α|
is much larger than |δφ(t)| and |Evac(t)|. The detected
power is
PPD(t) ∝ |EPD(t)|2
' α√TjE20 [α√Tj − 2√Tjδφ(t) + 2Evac(t)E0
]
, (23)
where the second order and cross terms of δφ(t) and
Evac(t) are ignored. We can estimate the sensitivity
by comparing the second and third terms of equation
(23) which are time-dependent. The second and third
term corresponds to signal and shot noise, respectively.
The one-sided linear spectrum of shot noise equivalent to
δ˜c(m),
√
Sshot(m), is obtained by considering the ratio
of the noise term to the signal term,
√
Sshot(m) =
√
k
2P0√Tj |Ha(m)| , (24)
where P0 is incident power. Here, we used E0 =
√
2P0/k
and the one-sided spectrum of vacuum fluctuation is
unity [40]. In this Letter, the electric field has dimen-
sions of [
√
Hz] as in [40]. According to the equation (24),
if the cavity is over-coupled, i.e. t1 > t2, detection port
(b) is better. On the other hand, detection port (a) is
effective for the critical-coupled cavity, i.e. t1 = t2, since
there is no carrier wave in the reflection port under the
critical coupling condition.
If the sensitivity is limited by shot noise, the signal-to-
noise ratio (SNR) for δc0 is improved with measurement
time, Tobs. The improvement depends on whether Tobs
is larger than the coherent time of axion oscillation, τ , or
not [41]:
SNR =

√
Tobs
2
√
Sshot(m)
δc0 (Tobs . τ)
(Tobsτ)
1/4
2
√
Sshot(m)
δc0 (Tobs & τ)
. (25)
We can find the detectable value of δ˜c(m) which sets the
SNR to unity
δc0 '
{
2√
Tobs
√
Sshot(m) (Tobs . τ)
2
(Tobsτ)1/4
√
Sshot(m) (Tobs & τ)
. (26)
Finally, this is translated into the sensitivity to gaγ as
gaγ(m) ' 1.5× 1012 GeV−1
(
1550 nm
λ
)
×

√
Sshot(m)
Tobs
(Tobs . τ)√
Sshot(m)√
Tobsτ
(Tobs & τ)
. (27)
Figure 2 shows the shot-noise limited sensitivities to
gaγ with our scheme. Here, we adopted the experi-
mental parameter sets used or planned by gravitational
wave detectors (specifically, DECIGO [35], CE [34], and
aLIGO [30]) as shown in table I. We also assume Tobs = 1
year and r2i +t
2
i = 1. Note that detection port (a) is used
for DECIGO-like detector and port (b) is used for CE-
and aLIGO-like detectors. All gravitational wave detec-
tors have a sensitive mass range similar to some proposed
experiment such as IAXO [6] and ABRACADABRA [11].
In all parameter sets, the upper limit provided by CAST
[5] can be improved. Especially, the CE-like detector can
overcome the CAST limit by three orders of magnitude in
broad mass range around between 4×10−16 and 1×10−13
eV. At the most sensitive mass m = 1.563 × 10−11 eV,
the improvement from CAST limits is about 6 orders of
magnitude although QCD axions cannot be detected.
It is worth noting that in our scheme the displacement
noise such as the vibration of mirrors or the gravitational
wave signal itself does not become manifest unlike a grav-
itational wave detector. This is because the displacement
noises and gravitational waves make the same phase shift
in the two circularly-polarized lights propagating in the
same path and this phase shift is cancelled in the mea-
surement of the phase difference between two polarized
lights. A major technical noise source in our scheme is
a roll motion of the mirrors which would generate rela-
tive phase shift in the two polarized lights through bire-
fringence of the mirror coating. The effect of the sub-
strate birefringence is relatively small since the signal
5TABLE I: Parameters of considered gravitational wave detectors. Note that P0 is the input beam power to front mirror
enhanced by the power recycling cavity for aLIGO-like and CE-like detector [42].
Similar detector L [m] P0 [W] λ [×10−9 m] (t21, t22) [ppm]
DECIGO [35] 106 5 515 (3.1× 105, 3.1× 105)
CE [34] 4× 104 600 1550 (1.2× 103, 5)
aLIGO [30] 4× 103 2600 1064 (1.4× 104, 5)
10-16 10-15 10-14 10-13 10-12 10-11 10-10 10-9
Axion mass [eV]
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
g
 
[G
eV
-
1 ]
DECIGO (port (a))
CE (port (b))
aLIGO (port (b))
CAST
SN1987A
Ring Cavity
FIG. 2: Sensitivity comparison of the several parameter sets
shown in table I. Although the higher mass range seems to
be filled, they have sensitivity peaks at mass of m = pi(2N −
1)/L (N ∈ N). The gray and green band express the current
limit provided by CAST [5] and the cosmic ray observations of
SN1987A [14]. The red dashed line is a sensitivity curve of one
proposed experiment using optical ring cavity with optimistic
parameters [26].
is enhanced in the cavity. When the laser polarization
and coating axis are almost aligned, the noise spectrum
is expressed as
√
Sroll ' δα λ θbi/L, where δα is roll
motion spectrum and θbi is a coating birefringence. In
aLIGO case, θbi ' 10 µrad [43]. The seismic motion
make δα < 10−11 rad/Hz1/2 for m > 10−14 eV if we
conservatively assume that coupling from vertical to roll
motion is unity [44]. Thus,
√
Sroll < 3× 10−26 1/Hz1/2,
which is smaller than shot noise level. In DECIGO and
CE, the roll motion of the mirror would be small since
they would be in space or underground site while aLIGO
is on the ground.
In order to apply our method to the real gravitational
detector, some optics are added for detection port and
there exist constructional problems. The approach to de-
tect the signal in detection port (b) is not quite simple be-
cause there have been equipped several apparatuses, such
as a beam splitter, a signal recycling mirror [45, 46], and
so on, between the front mirror and FI. In principle, the
axion signal can be extracted behind the signal recycling
mirror as with the gravitational wave signal readout [47].
More practical issues will be investigated in future work.
CONCLUSION
We developed the experimental scheme to search for
axion-like dark matter with the optical linear cavity used
in gravitational wave detectors. Our experiment mea-
sures the production of the linear polarization compo-
nent opposite to the intrinsic polarization of the incident
laser beam caused by the axion-photon coupling. The
experimental sensitivity is in principle limited only by
quantum shot noise, and other kind of technical distur-
bances are irrelevant. We estimated the potential sen-
sitivity of detectors to the axion-photon coupling in a
broad mass range 10−16 eV . m . 10−9 eV with the
experimental parameters of existing gravitational wave
detector projects, such as DECIGO, CE and aLIGO. As
a result, we found that their sensitivities can reach be-
yond the current limit of CAST [5] with a wide axion
mass range and can be competitive with other experi-
mental proposals which were recently suggested [25–27].
Remarkably, our new scheme for axion-like dark matter
search can be performed with a minor modification of
the gravitational wave detector and coexist with its ob-
servation run for gravitational waves. We expect that
this scheme becomes a new approach to search for axion
dark matter.
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